However, little is known about how the activities of alternative repair pathways are regulated 48 at these stages. We discovered an unexpected synthetic interaction between the DSB 49 machinery and strand-exchange proteins. Depleting the C. elegans DSB-promoting factors 50 HIM-5 and DSB-2 suppresses the formation of chromosome fusions that arise in the absence 51 of RAD-51 or other strand-exchange mediators. Our investigations reveal that non-52 homologous and theta-mediated end joining (c-NHEJ and TMEJ, respectively) and single 53 strand annealing (SSA) function redundantly to repair DSBs when HR is compromised and 54 that HIM-5 influences the utilization of TMEJ and SSA. C. elegans strains were maintained at 20°C under standard growth conditions (BRENNER 136 1974) . The N2 Bristol strain was used as the wild-type background (SULSTON AND BRENNER 137 1974). The strains and genotyping conditions are provided in Table S1 and Table S2 , 138 respectively. All strains will be provided upon request. 139
CRISPR/Cas9 Mutagenesis 140
We produced a complete knock-out of the him-5 gene using CRISPR/Cas9 mutagenesis. 141
Removal of the endogenous him-5 locus was performed by injecting two gRNAs directed 142 towards NGG motifs located on each end of the him-5 isoform A coding sequence (NM-143
HIM5sgRNA5 5'-GTCGTTATTAGAACGAATTC-3' targeting a cut site in exon 1, and NM-144
HIM5sgRNA6 5'-ATGCGGAATGACCACCAGGC-3' targeting a cut site in exon 7) with a 145 repair template that bridged the gap with homology arms (JY-NM-086 5'-146
CCGAAAAAGCATACTTATCATCTGGTTTTTTTTGCTGAAAATGTC(A)AGAA_CATT(A)CAA 147
AAAAACGCGCTCAATAAttcgtggtttaataatagtagtttt-3', the gap is represented as an 148 underscore. C to A mutations, shown between brackets were designed in the repair template 149 to avoid Cas9 activity upon successful mutagenesis). The injection was performed according 150 to (PAIX et al. 2015) . We obtained and have analyzed one allele him-5 that lacks the 151 complete coding sequence him-5(ea42) ( Table S1) . 152
Sample preparation and imaging 153
L4 larvae were aged for 20 hr (day 1 adults) or 47-50 hours (Day 2 adults) before fixation and 154 staining. For Irradiated samples, day 1 adults were exposed to 10 Gy of ionizing radiation 155 using a 137 Cs source (Gammacell 1000 Elite; Nordion International). Irradiated animals were 156 further aged for 27 hr (day 2 adults) prior to fixation and staining to assess diakinesis 157
phenotypes. 158
Worm were fixed in Carnoy's fixative solution (three parts absolute ethanol; two parts 159 chloroform; one part glacial acetic acid), stained with DAPI (4',6-diamidino-2-phenylindole) 160 for at least fifteen minutes, mounted in Prolong Gold Antifade Mountant with DAPI 161 (ThermoFisher Scientific, P36931), and cured overnight prior to imaging. All images were 162 acquired with a Nikon A1R inverted confocal microscope system, driven by the NIS-elements 163 Software as 0.2 µm Z-stacks. 3D-reconstructed acquisitions were analyzed and captured for 164 publication with the Volocity software (PerkinElmer). Captured images were cropped and 165 assembled using Adobe Photoshop and Illustrator. 166
Analysis of DNA structures in diakinesis oocytes and related statistics 167
DAPI-body content of the -1 nuclei were analyzed individually on 3D reconstructed images in 168 the Volocity software which allows for the free rotation of nuclei. A DAPI-body was defined 169 as a continuous DAPI-stained chromatin structure, independent of its size. A chromatin 170 fragment was defined as a DAPI-body with an estimated volume less than 25% of a univalent 171 observed in spo-11 mutant -1 nuclei. 172
The number of DAPI-stained bodies per nucleus was plotted and analyzed with the 173 Graphpad Prism software. We used non-parametric tests as we could not assume ours 174 samples would follow a normal distribution, especially samples with fusions and fragments. 175
We compared the distribution of different DAPI-stained bodies counts (ranks). Pairwise 176 comparisons were done with two-tailed Mann-Whitney tests, with the null hypothesis (H0) that 177 it is equally likely that a randomly selected value from one sample will be less than or greater 178 than a randomly selected value from the second sample, with an error risk of 5%. Multiple 179 comparisons were processed as well with Kruskal-Wallis tests corrected to control the false 180 discovery rate (FDR) using the two-stage step-up method of Benjamini, Krieger and Yekutieli 181 (BENJAMINI et al. 2006) . H0 is that the independent samples tested are indistinguishable from 182 the combined population of samples. P-values and q-values (FDR-adjusted P-value) are 183 given in Table 3 . H0 was rejected when P was below 0.05 with a FDR lower than 5%. We 184 graphed the median and the interquartile range which are more representative for how each 185 population is distributed. However, we state the average number of DAPI-bodies per nucleus 186
in the text as we thought it is more meaningful to the reader. Summary of statistical tests 187 performed for each figure is provided in Table S3 . 188
RESULTS 189

him-5 mutations suppress chromosome fusions formed by loss of rad-51 190
In C. elegans, defects in meiotic DNA repair can be seen in DAPI-stained nuclei of the 191 diakinesis oocyte positioned just prior to fertilization (-1 nucleus). The morphology and 192 number of DAPI-stained bodies is a readout of crossover formation, with wild-type worms 193 exhibiting 6 ovoid, DAPI-stained bodies corresponding to the 6 pairs of homologs attached 194 by chiasmata (also referred to as 6 bivalents) ( Figure 1A Figure 1D , F). This phenotype is 206 reminiscent of chromosome end-to-end fusions and is thought to result from random 207 religation of SPO-11 cut chromosomes. Accordingly, these structures are completely 208 dependent on the formation of meiotic DSBs, as seen by their suppression when spo-11 is 209 co-depleted (RINALDO et al. 2002; TAKANAMI et al. 2003) . 210 fusions by him-5 was also observed in the strand-exchange defective mutants rfs-1;helq-1 238 and brc-2 ( Figure S3 A, B ). The suppression of multiple early HR factors argues against a 239 role for all of these factors in DSB formation. 240
To further test whether meiotic DSBs are made in the rad-51;him-5 mutants, we relied on the 241 fact that chiasma formation can be restored in spo-11 mutants upon exposure to gamma 242 Instead, irradiated diakinesis nuclei looked remarkably like the unirradiated rad-51;him-5 with 248 the addition of a few chromosome fusions and occasional chromatin fragments ( Figure 2D ; 249 Figure S3C ). The number of DAPI-stained bodies remained strikingly higher than in 250 irradiated rad-51 mutants (9.87 vs 4.42 DAPI-bodies/nucleus on average), and closer to the 251 non-irradiated rad-51;him-5 double mutant (11.61 DAPI-bodies/nucleus). We also evaluated 252 the distribution of DAPI-body counts since in the presence of abnormal chromosome 253 structures, the average can be misleading because outliers can dramatically affect the 254 outcome. In this case, irradiated rad-51;him-5 nuclei were clearly distinguishable from 255 irradiated rad-51 nuclei ( Figure 2E , Figure S3D ; P<0.0001), as well as from unirradiated rad-256 51;him-5 nuclei ( Figure 2E ; P<0.0001, two-tailed Mann-Whitney tests). Similar results were 257 observed with mre-11S,him-5: irradiation did not recapitulate the fusions observed in mre-258 11S single mutants ( Figure S3E -G). The failure of IR-induced damage to lead to rad-51-like 259 chromosome fusions is consistent with the hypothesis that loss of him-5 function alters repair 260 outcomes even in the presence of exogenous DSBs. 261
While the failure of IR to restore fusions in rad-51;him-5 suggests DSBs can be repaired by 262 alternative mechanisms, this result did not preclude the other possibility that SPO-11-induced 263 breaks were not formed. We thus wanted an alternative approach to verify that SPO-11-264 mediated DSBs are made in rad-51;him-5 mutant germ cells. Since there are no direct 265 methods to monitor DSBs (worms do not have H2AX; nor do worms have meiotic crossover 266 hotspots that can be physically monitored for DNA cleavage), we instead took advantage of a 267 chromosome fragmentation assay that requires meiotic DSBs. REC-8 is a meiosis-specific 268 component of a cohesin complex that promotes sister chromatids cohesion. In rec-8 mutants, 269
DSBs are made, but sister chromatids separate from one another prior to repair, leading to 270 chromosome fragmentation (PASIERBEK et al. 2001 ). This fragmentation is dependent on 271 meiotic DSBs as it can be suppressed by co-depletion of spo-11 ( Figure 3A body counts might be explained by the inability to unambiguously distinguish closely 276 apposed chromatids). These DAPI-bodies were well formed and uniform in appearance and 277 no chromosome masses or chromatin fragments were observed (n=44; Figure 3A , C), 278 consistent with the lack of DSBs in the absence of spo-11 function. By contrast to spo-279 11;rec-8, diakinesis nuclei of rad-51,rec-8;him-5 triple mutants contained an average of 20.54 280 DAPI-bodies of irregular sizes and shapes ( Figure 3B ). Greater than 60% of cells contained 281 at least one DNA fragment (n=35; Figure 3B , C), revealing that DSBs are formed in rad-282 51;him-5 mutant germ cells. 283
Overall, the presence of meiotic DSBs in rad-51;him-5 argues that alternative repair 284 pathway(s) must be active in the rad-51;him-5 germ lines to allow for preservation of 285 chromosome morphology without the formation of chiasmata or fragmentation. We thus 286 hypothesized that him-5 could influence one or several alternative repair pathways such as 287 c-NHEJ, TMEJ and SSA. However, the involvement of all of these pathways during meiosis, 288 even as backup mechanisms when HR is not available, remains obscure or unexplored. 289
Multiple backup DSB repair pathways are active in the germline 290
It is well documented that c-NHEJ functions in meiosis when strand-exchange activity is 291 Removal of c-NHEJ functions in this background led to a partial suppression of these fusions 304 with cku-70;rad-51 and cku-80;rad-51 exhibiting an average of 5.38 and 5.31 DAPI bodies, 305 respectively, a significant increase in DAPI-bodies compared to rad-51 ( Figure 4A , B; Figure  306 S4C; Kruskal-Wallis, P<0.0050). Despite the increased number of chromatin masses, the 307 overall chromatin morphology of these bodies was not qualitatively different ( Figure 4A , B). 308
Of note, chromatin fusions were prevalent and chromosome fragments were rare in cku-309 70;rad-51 and cku-80;rad-51, leading us to posit that multiple pathways contribute to repair. 310
Although the specifics of meiotic DSB formation and processing have not been fully 311 characterized in worms, short-and long-range resection by MRN/COM-1 and EXO-1, 312 respectively, can generate strand-intermediates that are compatible with error-prone repair 313 pathways known to be active in somatic cells (TRUONG et al. 2013 Mann-Whitney test, P>0.86). In contrast, polq-1 mutations significantly increased the average 322 number of DAPI-bodies per cell in the rad-51 mutant background (5.51 in polq-1;rad-51 vs 323 4.49 in rad-51; Kruskal-Wallis, P=0.0013) ( Figure 4C , E). This tendency to form fewer end-to-324 end fusions suggests that TMEJ, like c-NHEJ, contributes to repair, seen as 325 chromosomal clumps when HR is defective. 326
To test the involvement of SSA in the absence of rad-51, we analyzed the effects of 327 mutations in xpf-1, which encodes the worm homolog of the XPF/Rad1 nuclease. In C. 328 elegans, XPF-1 has two described functions: first, as a key contributor to SSA in mitotic cells 329 formation precedes CO resolution, we hypothesized that any observed effect of xpf-1 333 depletion in rad-51 mutants should be attributed to its role in SSA. As in cku-70;rad-51 and 334 polq-1;rad-51, chromosome morphology was abnormal in xpf-1;rad-51 ( Figure 4D ) and 335 significantly less clumping occurred compared to rad-51 mutants (6.93 vs. 4.49 DAPI-bodies 336 per nucleus on average, in xpf-1;rad-51 and rad-51, respectively, Kruskal-Wallis test, 337 P<0.0001) ( Figure 4E ). The marked increase in DAPI-body numbers (i.e. decrease in 338 fusions), even compared to cku-70;rad-51 and polq-1;rad-51 ( Figure 4E ; Kruskal-Wallis, 339 P<0.002), suggests that SSA may play a more prominent role than c-NHEJ or TMEJ in DSB 340 repair when HR is defective. This was further confirmed by the co-depletion of alternative 341 repair pathways: the depletion of xpf-1 further decreased the fusion phenotype in polq-1,cku-342 70;rad-51;him-5 ( Figure 4E -G; P=0.0266).
Having ascertained that c-NHEJ, TMEJ, and SSA can be active in the meiotic germ line, at 345 least when HR is impaired, we next wanted to ask whether these pathways contribute to 346 repair in the rad-51;him-5 mutant background. None of the mutations that impair c-NHEJ, 347 TMEJ or SSA by themselves or in pairwise combinations altered the number and morphology 348 of DAPI bodies in rad-51;him-5 ( Figure S5 A-E, G; Kruskal-Wallis, P>0.43). However, a rad-349 51;him-5 strain with mutations in all three pathways had statistically significantly fewer DAPI-350 bodies per diakinesis oocyte ( Figure S5 F, G; Kruskal-Wallis test, P=0.0055). These results 351 reveals that the repair pathways act redundantly to repair DSBs in the absence of both RAD-352 51 and HIM-5. It also confirms that DSBs are induced in the rad-51;him-5 mutant germ cells 353
The intact appearance of diakinesis-stage chromosomes in rad-51;him-5, in particular the 355 lack of chromosome fragments, could also be attributed to the low level of DSBs that result 356 from loss of him-5 function. We therefore wanted to reexamine the triple, quadruple, and 357 quintuple mutant lines after irradiation, thereby compensating for the lack of DSBs. As 358 discussed above, exposure of rad-51;him-5 mutant animals to 10 Gy IR led to a statistically 359 significant decrease in the number of DAPI bodies in diakinesis oocytes, with the frequent 360 appearance of one or more chromosome fusions and occasional small DNA fragments 361 ( Figure 2D ). We note that this dose of IR did not dramatically alter the appearance of rad-51 362 diakinesis oocytes (Two-tailed Mann-Whitney, P>0.49), suggesting differences in the 363 behavior of chromosomes in rad-51 versus rad-51;him-5. 364
While the depletion of c-NHEJ eliminated some of the fusions that were formed in irradiated 365 rad-51;him-5 (10.56 DAPI-bodies on average in cku-80;rad-51;him-5 vs. 9.87 in rad-51;him-366 5) ( Figure 5 A, G; Kruskal-Wallis, P=0.0256), the depletion of TMEJ or SSA, alone or in 367 combination, did not have a significant effect on nuclear DAPI-body content ( Figure 5B , C, G; 368
Kruskal-Wallis, P>0.05), suggesting that these two pathways were not essential to the repair 369 of IR-generated breaks in the rad-51;him-5 background. In contrast, the presence of 370 functional c-NHEJ was key; any mutant combination that lacked a component of the Ku-371 complex showed a significant difference in DAPI-body counts compared to rad-51;him-5 372 ( Figure 5D -G; Kruskal Wallis, P<0.03). We note that in cku-80;rad-51;him-5, loss of c-NHEJ 373 function prevented the formation of chromosomal fusions upon IR exposure, as observed by 374 an increase in the average number in DAPI-bodies compared to rad-51;him-5. By contrast, 375 co-depletion of c-NHEJ and TMEJ and/or SSA led to a decrease in DAPI-body numbers 376 (reflecting an increase in chromosome fusions; Figure 5D , F, G). This suggests that while c-377 NHEJ, TMEJ and SSA pathways all act as backups to repair DSBs in rad-51 mutants, their 378 use is disturbed by the additional loss of him-5. 379
Exploring the accessibility of alternative repair machineries to DSB ends 380
The dependence of TMEJ and SSA, but not c-NHEJ, on the presence of him-5 led us to 381 explore the differences in the requirements for these pathways. Specifically, we honed in on 382 the role of resection in repair pathway choice. TMEJ and SSA rely on stretches of DNA 383 sequence homology which are typically found between repetitive elements in the genome 384 ends. We thus hypothesized that the modulation of TMEJ and SSA by him-5 could be a 392 consequence of a role for him-5 in EXO-1-mediated resection. To test this hypothesis, we 393 compared the impact of depleting exo-1 or mre-11 in rad-51 and rad-51;him-5 mutant 394
animals. 395
To our knowledge, the effect of depleting short and long resection specifically in a rad-51 396 mutant background has not been assayed. Consequently, we first examined the impact of 397 loss of exo-1 or mre-11 in rad-51 mutant animals. The mre-11S mutant animals exhibit 398 chromosome fusion phenotypes similar to rad-51 mutant animals, yet were more likely to 399 result in >6 DAPI bodies ( Figure 6C , Figure S6 D, F). With the addition of 10Gy IR, mre-11S 400 gave a more severe fusion phenotype than rad-51 ( Figure 6A -C). The spectrum of fusion 401 phenotypes conferred by these mutations likely reflects differences in repair pathway usage 402 in each mutant. As previously reported, loss of exo-1 function did not affect meiotic crossover 403 formation ( Figure S6 A-C), nor did it alter the phenotype of mre-11 ( Figure S6 average) and in exo-1;rad-51 (5.21) were both significantly higher than in rad-51 single 406 mutants (4.49; Kruskal-Wallis, P<0.012). The partial suppression of the rad-51 fusions 407 suggests that both short and long resection contribute to fusions that form in rad-51 mutant 408 animals ( Figure 6D-F) . 409
In the rad-51;him-5 double mutant context, the depletion or co-depletion of mre-11S and exo-410 1 did not affect the univalent chromosomes ( Figure 6G -J). Upon IR however, the depletion of 411 mre-11S appears to cause a significant decrease in the formation of fusions (10.63 DAPI-412 bodies on average in rad-51;mre-11S,him-5 vs 9.87 in rad-51;him-5, Kruskal-Wallis test, 413 P=0.0114), while the depletion of exo-1 alone did not have a significant effect (9.90 bodies 414 per nucleus, P>0.78) ( Figure 6K -N). Interestingly however, the co-depletion of mre-11S and 415 exo-1 caused significantly more fusions to occur (9.24 bodies per nucleus on average) 416 compared to rad-51;him-5 double mutants, but also compared to rad-51;mre-11S,him-5 and 417 exo-1;rad-51:him-5 triples (P<0.05, Figure 6G , H). While this data does not allow us to draw 418 any conclusion about a role of him-5 on resection, we note a concerted action of MRE-11 419 and EXO-1 on dirty breaks. This is confirmed by the observation that, as discussed above, 420 while the depletion of exo-1 did not alter the phenotype of mre-11S mutants in non-IR 421 conditions, it did have an effect upon IR ( Figure S6 F) . Indeed, fewer fusions were formed in 422 irradiated exo-1;mre-11S compared to irradiated mre-11S (4.91 vs. 3.32 DAPI-bodies per 423 nucleus on average, Mann-Whitney test, P=0.0050). This emphasizes the fact that the nature 424 of the DSB influences the way it will be repaired. 425
The DSB-promoting machinery regulates downstream repair events 426
Having established a role for HIM-5 in influencing repair pathway choice, we next wanted to 427 determine if this function was specific to HIM-5 or whether this is a more general feature of 428 DSB-promoting factors. Mutations in dsb-2 confer a partial defect in DSB formation that 429 worsens with maternal age, causing a shortage in chiasmata and increased nondisjunction 430 (ROSU et al. 2013 ). In accordance with previous reports, we observed an average of 9.33 431 DAPI-bodies per nucleus in dsb-2 mutant (day 2 post-L4; Figure 7A ). Upon treatment of dsb-432 2 mutant worms with 10 Gy IR, the average number of DAPI-bodies was restored to 5.93 433 intact ovoid structures, a level which is indistinguishable from wild-type worms ( Figure 7A, B ; 434
Mann-Whitney test, P=0.5567). We discovered that diakinesis nuclei in dsb-2;rad-51 double 435 mutants contained ~12 DAPI-bodies ( Figure 7C , D). This phenotype is similar to what is 436 observed in rad-51;him-5. Further, IR of dsb-2;rad-51 failed to recapitulate the rad-51 mutant 437 phenotype and was instead not significantly different from unirradiated dsb-2;rad-51 ( Figure  438 7C, E; P=0.1674). Moreover, we observed that SPO-11-mediated DSBs are still formed in 439 dsb-2;rad-51. Indeed, 70% of dsb-2;rad-51,rec-8 triple mutant diakinesis nuclei contained 440 fragments of chromatin (n=23), contrasting with the absence of fragments in spo-11,rec-8 441 nuclei (n=44), where DSBs are abolished ( Figure 7F , G). We were thus able to observe the 442 same suppression of chromosome fusions that occur in rad-51 mutants as in rad-51;him-5 by 443 depleting dsb-2. Again, we show that this is not due to an abrogation of DSBs. 444
DISCUSSION 445
Multiple error-prone DSB repair pathways are active in the meiotic germ line 446
Throughout the cell cycle, different DSB repair pathways are utilized to ensure the accurate 447 repair of genetic information. In mitotically cycling cells, c-NHEJ is the dominant repair 448 pathway in G1; whereas HR is preferentially utilized in S and G2 when a sister chromatid 449 template is available. In meiotic cells, HR appears to be the major repair pathway since it is 450 the only repair pathway that is considered "error-free" and can ensure the integrity of the 451 genome across generations. It is well documented that c-NHEJ can step in to repair DSBs the first evidence that all of these pathways are active in meiotic germ cells and contribute as 457 a failsafe mechanism to protect genomic integrity. 458
Checchi et al. revealed that in the absence of HR, SSA can repair DSBs on the male X 459 chromosome in C. elegans. We provide additional data to support a role for SSA as an 460 alternative repair pathway showing that SSA contributes to repair in the hermaphrodite 461 oocyte germ lineage. Depletion of xpf-1 had the greatest impact on diakinesis DNA 462 morphology in the rad-51 mutant background, suggesting that SSA is the major default 463 pathway of repair in the absence of RAD-51 and strand invasion functions. This may simply 464 be a consequence of having long-resected ends which would normally promote strand 465 invasion. c-NHEJ and TMEJ play important, but more minor roles in repair when rad-51 466 function is impaired, consistent with their preference for shorter or blunt DNA ends. 467
The redundancy between TMEJ, SSA, and c-NHEJ in meiotic DSB repair in the absence of 468 HR function suggests that the traditional dichotomy between c-NHEJ and HR repair is more 469 complex. Our data suggest that a key decision point is between use of the ssDNA filament in 470 . We previously showed that HIM-5, 483
redundantly with the p53 homolog CEP-1, prevents access to c-NHEJ, a function also 484 accomplished by COM-1/CtIP and MRN. We now show that HIM-5 also promotes homology-485 directed repair, either through HR or TMEJ/SSA. 486
We consider several different models for how HIM-5 can influence repair pathway choice. 487
First, since HIM-5 is a chromatin-associated protein, it could regulate transcription or 488 chromatin recruitment of key factors that promote HR and TMEJ/SSA. Decreased expression 489 of these factors in him-5 mutant animals would impair HDR pathways and shift repair 490 capacity to the more error-prone c-NHEJ. Second, HIM-5 could directly inhibit components of 491 the c-NHEJ pathway, redundantly with CEP-1, under wild-type conditions. Third, based on 492 our analysis of exo-1 and mre-11, we envision a role for HIM-5 in modulating the resection 493 machinery. MRE-11, like HIM-5, functions in both DSB formation and resection. By contrast, 494 EXO-1 is dispensable for both under wild-type situations. In rad-51;him-5, however, EXO-1 495 function became important for DNA repair in an MRE-11-dependent fashion. The shift in 496 importance for EXO-1 could reflect a function for HIM-5 in coordinating assembly of the DSB 497 machinery, including MRE-11. Consistent with this model, our data suggest that DSB-2, like 498 HIM-5, may be involved in the promotion of HR-mediated DSB repair. Although deeper 499 analysis of multi-mutants will be necessary to know if DSB-2 influences the same events as 500 HIM-5, these results raise the possibility that the DSB-promoting machinery directly couples 501 DSB induction with resection and also with the downstream events that promote HR during 502 meiosis. 503
Timing of DSB break repair in meiosis shifts during early to late pachytene. 504
A possibility that is not incompatible with other models is that HIM-5 acts as a timer for 505 meiotic events, ensuring the appropriate formation of meiotic DSB formation in 506 leptotene/zygotene and subsequent HR repair and crossover commitment in early 507 pachytene. In this scenario, the loss of HIM-5 functions would delay DSB induction and/or 508 repair until mid-late pachytene, leading to both a decrease in CO number (due a shorter 509 window of opportunity for DSB formation) and the potential of aberrant repair by alternative 510
DSB pathways. 511
This model is consistent with our prior data that loss of him-5 function delayed the (YIN AND SMOLIKOVE 2013) showed that exo-1 can contribute to CO repair when both mre-11 516 and c-NHEJ are mutated but that accumulation of RAD-51 in these animals is delayed until 517 late pachytene, suggesting EXO-1 resection is either slower than MRE-11-induced resection 518 or that EXO-1 is not active until late pachytene (LP). The contribution of exo-1 to repair in 519 rad-51;him-5 might therefore be explained by either delayed timing of DSB formation or 520 delayed end processing in him-5. Early pachytene may be conducive to DSB formation and 521 repair via HR, whereas later events may be channeled to alternative repair pathways. 522 RAD-51 suggests that these pathways are not active until late pachytene. Coincidently, the 528 mid-to-late pachytene (MP-LP) transition marks a change in HR repair from rad-50-529 dependent to rad-50 independent, which is thought to correspond to a shift from the inter-530 homolog, CO pathway to an inter-sister, error-free HR repair pathway (HAYASHI et al. 2007) . 531
The MP-LP transition is also associated with the loss of DSB competency, assuring that 532 additional SPO-11 mediated meiotic breaks are not made. Given that both HIM-5 and DSB-2 533 are components of the DSB machinery and their accumulation in the nucleus is lost in LP, we 534
suggest that barriers to alternative repair are also lifted in LP, perhaps as a consequence of 535 the loss of the DSB proteins. The exact coordination of these events in the germ line will be 536 an area of future investigation. 537
Evidence for additional back-up repair pathways 538
Surprisingly, xpf-1;polq-1;cku-70;rad-51 and xpf-1;polq-1;cku-70;rad-51;him-5 animals that 539 are impaired for SSA, TMEJ, c-NHEJ, and HR functions exhibit genomes that are 540 surprisingly intact. One might have anticipated seeing twelve large chromosome fragments 541 corresponding to each of the unattached homologs and a large fraction of small to medium 542 sized fragments corresponding to the pieces of chromosomes end that are cut by SPO-11. 543
However, even the addition of IR in the him-5 background leaves a fairly intact genome. One 544 possible explanation for these results is that we have only partially impaired the function of 545 one or more of these DSB repair pathways, despite the use of null alleles. Alternatively, the 546 mild phenotype may result from the activity of additional pathways that ligate chromosomes, 547 such as other microhomology-mediated mechanisms. We note that even in the presence of 548 additional DSBs, xpf-1;polq-1;cku-70;rad-51 and xpf-1;polq-1;cku-70;rad-51;him-5 mutant 549 germ cells are not identical, suggesting that HIM-5 function still biases repair outcomes even 550 when SSA, TMEJ, NHEJ, and HR are not functional. 551
DIRTY vs CLEAN DSBs 552
Examination of our data with and without IR, clearly points to distinct methods of repair for 553
SPO-11-induced vs IR-induced lesions. A clear example of this is seen in the comparison of 554
rad-51 and mre-11S in the presence or absence of IR. Whereas IR has little impact on rad-555 51 (compare Figures 1D versus Figure 2C ), IR both reduced the variability of diakinesis 556 phenotypes in mre-11S and led to more massive chromosome clumps compared to rad-51. 557
The differences in the mre-11S background can be explained if the covalent attachment of 558 SPO-11 to the DSBs occludes binding to Ku proteins until endonucleolytic cleavage. This 559 would assist to bias repair towards HDR pathways. The damage created by IR tends to be 560 staggered DSBs breaks that are ideal substrates for TMEJ or that would be rapidly 561 processed into blunt ends for Ku complex recruitment for c-NHEJ. 562
Another example of the difference in SPO-11 vs. IR breaks comes from examination of the 563 xpf-1 mutation in rad-51 and rad-51;him-5 mutant backgrounds. In rad-51 mutant animals, 564
xpf-1 mutation confers the greatest suppression of fusion phenotypes. In rad-51;him-5, loss 565 of xpf-1 has no effects with or without IR and, perhaps more significantly, loss of xpf-1 does 566 not enhance the suppression conferred by polq-1;cku-70 double mutants both with and 567 without IR. The differences in the processing of SPO-11 and IR-induced DSBs serves as a 568 cautionary tale for a field that relies on IR as a surrogate for DSBs since they can be 569 converted to COs. . rad-51(lg8701) (n=106), cku-70(tm1524);rad-51(lg8701) (n=53), polq-1(tm2026);rad-51(lg8701) (n=43), xpf-1(e1487);rad-51(lg8701) (n=40), polq-1(tm2026),cku-70(tm1524);rad-51(lg8701) (n=60), xpf-1(e1487);polq-1(tm2026),cku-70(tm1524);rad-51(lg8701) (n=108). rad-51(lg8701);him-5(e1490) (n=71), cku-80(ok851);rad-51(lg8701);him-5(e1490) (n=80), polq-1(tm2027);rad-51(lg8701);him-5(e1490) (n=67), xpf-1(e1487);rad-51(lg8701);him-5(e1490) (n=61), polq-1(tm2026),cku-70(tm1524);rad-51(lg8701);him-5(e1490) (n=63), xpf-1(e1487);polq-1(tm2026);rad-51(lg8701);him-5(e1490) (n=64), xpf-1(e1487);polq-1(tm2026),cku-70(tm1524);rad-51(lg8701);him-5(e1490) (n=59). . rad-51(lg8701) (n=40), mre-11S(iow1) (n=30), rad-51(lg8701)+IR (n=39), mre-11S(iow1)+IR (n=47). F: rad-51(lg8701) (n=106), rad-51(lg8701);mre-11S(iow1) (n=50), exo-1(tm1842);rad-51(lg8701) (n=63). J: rad-51(lg8701);him-5(e1490) (n=33), rad-51(lg8701);mre-11S(iow1),him-5(e1490) (n=57), exo-1(tm1842);rad-51(lg8701);him-5(e1490) (n=28), exo-1(tm1842);rad-51(lg8701);mre-11S(iow1),him-5(e1490) (n=50). N: rad-51(lg8701);him-5(e1490)+IR (n=71), rad-51(lg8701);mre-11S(iow1),him-5(e1490)+IR (n=60), exo-1(tm1842);rad-51(lg8701);him-5(e1490)+IR (n=39), exo-1(tm1842);rad-51(lg8701);mre-11S(iow1),him-5(e1490)+IR (n=101). 
FIGURE S1
Figure S1
The dsb-2 mutant shows a shortage in chiasmata. The lack of chiasmata revealed by univalents in diakinesis nuclei, as previously reported (ROSU et al. 2013 ). Representative DAPI-stained diakinesis nuclei of dsb-2 mutants at day 2 of adulthood. Scale bars= 2µm. . rad-51(lg8701);him-5(e1490) (n=33), cku-80(ok851);rad-51(lg8701);him-5(e1490) (n=61), polq-1(tm2027);rad-51(lg8701);him-5(e1490) (n=60), xpf-1(e1487);rad-51(lg8701);him-5(e1490) (n=37), polq-1(tm2026),cku-70(tm1524);rad-51(lg8701);him-5(e1490) (n=61), xpf-1(e1487); polq-1(tm2026);rad-51(lg8701);him-5(e1490) (n=50), and xpf-1(e1487); polq-1(tm2026),cku-70(tm1524);rad-51(lg8701);him-5(e1490) (n=40). rad-51(lg8701);him-5(e1490) vs. rad-51(lg8701);him-5(ok1896) 0.2113 0.3018 n.s. rad-51(lg8701);him-5(e1490) vs. rad-51(lg8701);him-5(ea42) 0.0135 0.0065 significant rad-51(lg8701);him-5(ok1896) vs. rad-51(lg8701);him-5(ea42) 0.1195 0.1138 n.s. S1 dsb-2(me96) vs. WT Two-tailed Mann-Whitney <0.0001 significant S1 dsb-2(me96) +IR vs. WT 
